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CHAPTER ONE 
INTRODUCTION 
It is the purpose of this paper to show the need for, 
the progress toward,and the development of the mass spectro-
meter as we know it today. While the essential elements of 
the first mass spectrometer are still recognizible to the 
trained ey e today, the methods and refinements of operation 
make them difficult to discern by the casual observer. 
Since the uninitiated in the field of electronics would 
not go to the television set to gain a foundation in t he sub-
ject of electronics but start at the crystal detector, we will 
begin, first, with the need for a mass measuring instrument 
and then start with the 11 crystal detector 11 of the mass 
measurement field; the positive ray analyzer. 
The question arises as to the purpose of the mass spectro 
meter and immediately we say that its purpose is to measure 
masses, of course. But why go to the bother of using a com-
plicated instrument just to measure the mass of some element. 
It would be easy to get a cubic foot of it and weigh it or 
easier still to call up a chemist friend and have him give 
you the atomic weight of the element. What then is so 
difficult about determining the mass of an element. The 
1. 
answer is that most 11 pure 11 elements as we know them are not 
pure but rather a mixture in definite proportions of two or 
more masses occupying the same position in the periodic table. 
These quantities known as isotopes have the same chemical 
properties but different atomic weights. The mass spectromete 
was developed to measure with precision~ isotopic masses. 
This was the primary purpose. From time to time with further 
development~ the construction was modified to serve other 
purposes such as direct analysis and relative abundance deter-
minations. 
The mass spectrograph and the mass spectrometer differ 
only in their mode of ion detection. The spectrograph uses 
photographic plates while the spectrometer uses electronic 
equipment to indicate ion presence. Strictly speaking, as 
shall be shown later,the mass spectrometer is a relative 
abundance measuring instrument while the mass spectrograph is 
a mass measuring device. Keeping this in mind, the two terms; 
spectrometer and spectrograph, can be used interchangeably 
without any great cause for alarm. 
The subject of isotopes will frequently enter into any 
paper on mass measuring instruments since isotopes are the 
objects of measurement. Their place in the. literature is 
justifiable since it was in search of them (although they 
were unknown at the time) that the mass spectrograph was 
2. 
developed. It must be remembered that the mass spectrograph 
is not the only or was it the first instrument to measure 
isotopic mass. The spectrometer was designed to give mass 
measurements. After years of development and modification 
it will now give very accurate determinations of isotopic 
mass. 
The remaining portion of the thesis will be divided 
into four sections: 
A. History and Background - early hypotheses, 
determination of atomic weights. 
B. Basic Components - filters, ion sources, 
detectors, vacuum systems. 
C. Types of Mass Spectrometers - examples of each 
type will be presented together with some special 
types. 
D. Results and Uses - data and graphs of results of 
various methods, some of the uses of the instru-
ment. 
3. 
CHAPTER TWO 
HISTORY AND BACKGROUND 
The entire attitude of science in relation to the 
atomic theory underwent a complete and radical change at the 
turn of the last century. What had then been regarded as a 
convenient working hypothesis, became a definite statement 
of fact. By the use of atomic projectiles from radioactive 
material and continuous improvement in technical methods, 
existing physical theories were put under unprecendented 
scrutiny which revealed hitherto unsuspected flaws. Boltwood's 
failure to separate ionium from thorium and J. J. Thomson's 
discovery of the anomalous behavior of neon were further 
discrepancies to explain. Careful and patient examination 
of these flaws showed them not disconnected and random but a 
definite and ultimately intelligible pattern. 
I. Isotopes 
In a generalization known as the Atomic Theory, Dalton 
in .l803 was the first one to realize the importance of · atomic 
weight measurements. In this paper, Dalton laid down five 
postulates which were the foundations of modern chemistry. 
To this day, only one of the five needs to be modified. The 
4. 
one postulate that was in error was that atoms of the same 
element are similar to one another and equal in weight. It 
was not until a century later that differences between the 
particles of any one substance were detected. During the 
period from 1810 to 1830, accurate atomic weight measurements 
were made by Berzelius and since these weights led to values 
which were nearly all whole numbers, the hypothesis of Prout 
gained considerable attention. Prout had said that the atomic 
I 
weights of most of the elements were whole number multiples 
of that of hydrogen. A contemporary of Prout's, Meinecke, 
has explained the popularity of Prout's theory as a result of 
the accuracy obtainable at the time. Meinecke stated that it 
was not so much for simplification of calculations but the 
divergencies in accurate analyses by competent personnel that 
for the present nothing more could be given than approxima-
tions in round numbers. 
Chemists soon found that in the case of many elements, 
the experimental results were not in agreement with Prout. 
The more results they obtained, the more impossible it was to 
express the atomic weights of all the elements as whole 
numbers. They therefore had to decide which hypothesis they 
would adopt and in due time the hypothesis of Dalton was 
accepted. 
5. 
It is interesting to consider two views on the subject 
of atomic weights at this time. If Dalton's hypothesis were 
correct, that the element was composed of atoms of identically 
the same weight, then the weights of the atoms of an element 
whose weight is not a whole number must be fractional. It is 
hard to comprehend, however, why it had not occurred to 
philosophers at the time that elements might be composed of 
mixtures of atoms of whole numbers whose mean would be frac-
tional. The second view is difficult to assume, however, if 
one does not know that particles could behave in an identical 
manner even though they had different weights. Also the objec-
tions to fractional atomic weights were rather philosophical 
than practical. 
The idea that atoms of the same element are all identical 
in weight could not be challenged by chemical methods for 
the atoms are by definition chemically identical and 
numerical ratios were only to be obtained in such methods by 
the use of quantities of the element containing great numbers 
of atoms. It is rather surprising just the same that in 
complete absence of positive evidence no theoretical doubts 
were expressed publically until the end of the nineteenth 
century. 
6. 
Crookes1 in an address in 1886 conceived of weights of 
individual atoms of elements not as being of all the same num-
bers but of a range of whole numbers in the order of the atomic 
weight number of the element. It was his opinion that in 
earliest times and through successive geologic periods, there 
had been taking place a process resembling chemical fractiona-
tion. Crookes experimented with the rare earths and by 
laborious processes subdivided the earth yttria into a number 
' of components which had different phosphorescent spectra but 
resembled each other very closely in their chemical properties. 
He then explained that here was a so-called element whose 
spectrum did not emanate equally from all its atoms. Differ-
ent portions of the line and bands of the compound spectrum 
are supplied by different atoms. Crookes called such compo-
nents "meta-elements" and sugge~ted that this idea might apply 
to the elements generally. However, later research proved 
that Crookes had been dealing with a mixture of real elements 
each of which had a characteristic spectrum and a definite 
atomic weight. 
II. Radioactivity 
In 1896 the radioactivity of uranium was discovered and 
shortly thereafter other radioactive substances were found. 
The source of radioactivity was thought to be in the atom 
1. Crookes, Nature, 34~ 423~ (1886) 
7. 
itself. Experimentation was rapid and in 1903 Ramsey and 
Soddy produced a real transmutation when they established the 
relation between thorium and the inert gas thoron. In the 
same year Rutherford and Soddy set forth their theory of 
radioactive transformations in which it was proposed that 
there was a continuous reproduction of radioactive matter by 
the radioactive elements. Chemists noted later that certain 
pairs of radioactive elements could not be separated chemi-
cally even by the most sensitive methods. By 1910 Soddy, 
realizing the importance of the ever increasing number of 
pairs of radioactive elements isolated from newly discovered 
elements~ made the statement that perhaps here was the be-
ginning of an all embracing generalization which would throw 
light not only on the radioactive processes but on the element 
in general and the periodic law. Two years later Russell and 
Rossi showed that ionium and thorium were spectroscopically 
identical. The need for a specific name for such substances 
became imperative and Soddy suggested the word isotopes 
(equal-place) because they occupied the same place in the 
periodic table of elements. 
Perhaps the best idea concerning the state of knowledge 
at this time is contained in Soddy's report2 to the British 
Association for the Advancement of Science in 1913: 
2. Soddy~ F., Report of the British Assoc. for Advancement 
of Science, p. 445. (1913) 
8. 
"The chemical analysis of matter is thus not a 
real one. It has appeared ultimatehitherto, on 
account of the impossibility of distinguishing 
between elements which are chemically identical 
and non-separable unless these are in the process 
of change the one into the other. But in that part 
of the periodic table, in which the evolution of the 
elements is still proceeding, each place is seen to 
be occupied not by one element, but on the average, 
for the places occupied at all, by no less than four, the 
atomic weights of which vary over as much as eight 
units. It is impossible to believe that the same may 
not be true for the rest of the table, and that each 
known element may be a group of non-separable elements 
. occupying the same place, the atomic weight not being 
a real constant, but a mean value of much less funda-
mental interest than has been hitherto supposed. 
Although these advances show that matter is even more 
complex than chemical analysis alone has been able to 
reveal , they indicate at the same time that the problem 
of atomic constitution may be more simple than has been 
supposed for the lack of simple numerical relations 
between the atomic weights. 11 
With the information from scattering of alpha particles, 
knowledge of radioactive transformations, and the radioactive 
displacement law for alpha particles, Rutherford3 put forward 
his theory of atomic structure in 1911. The theory was 
accepted and it clarified the whole subject since it was 
possible to understand how two atoms could have different 
masses but identical or practically identical chemical and 
spectroscopic properties. 
During this period J. J. Thomson using positive ray 
analysis obtained direct evidence that neon consisted of two 
isotopes. 
3. Rutherford, Phil. Mag. 237 (67,669 (1910) 
9. 
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III. Positive Rays 
Positive rays were discovered by Goldstein4 in 1886 in 
an electrical discharge at low pressure. His apparatus is 
represented in fi g . 2-1. 
K 
~G . 2 -
The cathode K which was placed across the tube r was a 
metal plate through which a number of holes were drilled. The 
diameter of the holes were considerably less than the thick-
4. Goldstein, Berl. Ber., 39, 691 (1886) 
10. 
ness of the plate and the holes were perpendicular to the 
surface. Anode A was in the lower end of the tube. The 
pressure of the gas in the tube was lowered to a point so that 
when the electrodes K and A were connected to an induction 
coil and a discharge passed through the tube, the dark space 
below the cathode was well developed. Under these conditions 
Goldstein found that slightly diverging bundles of luminous 
discharge streamed through the holes in the cathode into the 
upper tube. This luminosity he assumed was due to rays of 
some sort which traveled in the opposite direction to the 
cathode rays. As these rays were observed streaming through 
holes or channels in the cathode, Goldstein called them 
"Kanalstrahlen" . 
As the cathode rays were proved to be negatively charged 
electrified particles by the study of their deflections in a 
magnetic and electric field and as these deflections give a 
means of finding mass and velocity of the cathode particles, 
it was natural to attempt to apply the same method to positive 
rays. It was not, however, until twelve years had elapsed tha 
the magnetic field was proved to influence positive rays. 
Small magnetic fields, while deflecting cathode rays showed 
no apparent action on positive rays . In 1898 Wien5 using 
powerful magnetic fields proved that positive rays were 
5. Wien, W. Verh. d. phys. Gesell., 17, (1898). 
11. 
deflected by magnetic field forces. On account of the fact 
that they normally carry a charge of positive electricity 
J. J. Th.omson called them positive rays. 
The conditions under which the rays develop 'are,briefly, 
ionization at low pressure in an electric field . Ionization 
in its simplest case is the detachment of one electron from 
a neutral atom by collision or radiation. The two resulting 
fragments are equal in charge but opposite in sign. The 
electron has very little mass and so in a strong electric field 
gains a high velocity and is known as a cathode ray. The 
remaining portion of the ionization process has a much greater 
mass being for the lightest atom hydrogen, 1845 times that of 
the electron. It lt.J'ill attain a much lower velocity under the 
action of an electric field. However, if the field is strong 
and the mean free path long enough, it will attain a high 
speed in a direction opposite to the electron and become a 
positive ray. The simplest form of a positive ray is then 
an atom carrying a positive charge and endowed with sufficient 
energy by falling through a potential difference to make its 
presence detectable. Positive rays can be formed from 
molecules as well as atoms. It can be seen then that if we 
can measure the mass of these particles, it will give us dir-
ect information on the atoms and the molecules individually 
but not, as in chemistry, on the average of an immense 
' aggregate. It is for this reason that the accurate analysis 
of positive rays is of such importance. 
12. 
CHAPTER THREE 
BASIC COMPONENTS 
The primary purpose of any mass spectrometer is to 
measure the charge to mass ratio of the free particle or ion. 
When we are about to determine the e/m of a particle, we are 
confronted with the problem of what measurable properties does 
a particle of this t ype have and by what methods can they be 
measured. Immediately velocity, acceleration, momentum, and 
energy suggest themselves as measurable properties. By 
kn owing any two of the three quantities velocity , energy , and 
momentum, the mass is readily calculable. Hence, all well-
known mass spectrogrographs concern themselves with the 
measurement of two of these quantities. The charge e of a 
particle always appears as an unknown in at least one of the 
two quantities and as a result only the e/m ratio is found. 
Millikan and his followers have shown us that the charge 
on a particle is a l ways a multiple of a single elementary 
charge. With a large amount of experience and study of the 
process of ionization of matter to produce charged particles, 
there has been sufficient evidence presented so that it is 
possible to predict the number of elementary charges ions 
carry under a given set of conditions. Fortunately, there 
13. 
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are but a few choices to make and so determination of the 
charge -of the particle is a fairly easy matter. When the 
charge has been decided upon, and the e/m found from the data 
of the mass spectrometric study, it is a relatively easy 
matter to calculate the mass . As is the case in most physical 
measurements and is also true in this field, the ratio of two 
similar quantities may be determined with far greater accur-
acy than the absolute value of either quantity. Masses 
are expressed in terms of the most abundant isotope of 
oxygen, ol6. Fundamentally, the mass spectrometer determines 
only the e/m ratio and does not give mass directly. 
Since the theory of the mass spectrometer resolves it-
self into the methods of measuring energy, momentum, and 
velocity of a free charged particle, various methods ofreter-
mining these quantities will now be given . 
1. The Energy Filter 
The energy filter is any device which sorts out from a 
stream of widely different energies a narrow band of particles 
which have very nearly the same energy. The most useful type 
involves the use of an electric field perpendicular to the 
direction of motion of the ions. In fig. 3-1 (a) the ions 
are projected between the plates of a cylindrical condenser 
and those that describe a circular path of radius R satisfy 
14. 
the relation 
m v 2 I R = E e, 
m v 2 I 2 = R E e I 2 
or (1) 
(2) 
where E is the field strength . All ions which have an energy 
REel2 describe a circular path which allows them to escape 
through the exit slit. Those having greater energies will 
d 
/ 
/ 
/ 
_ _____,1 ----- ---
' 
E 
I R 
I 
I 
(d ) FIG. J - 1 
15. 
progress toward the outer electrode while those of lesser 
energies will proceed toward the inner electrode. Therefore 
in the plane of the exit slit there will be a spectrum of 
energy and the position of the exit slit will determine which 
narrow beam of energies will be selected. Frequently, when 
the deflecting angle is small, parallel plates are substituted 
for curved ones. It has been shown1 that the best focus of thd 
energy selector occurs when the radial field has been made 
proportional to 1/R or 127°- 17 1 , as is shown in figure 3-2. 
A. Type 2 Another method of securing ions of homo-
geneous energies is illustrated in fig. 3-l(b). Actually 
this is not a filter but it fulfills the duties of one. Ions 
from a source S are allowed to fall through a difference of 
potential V = E d, thereby gaining energy given by 
m v 2 / 2 : e V 
~127-'- J l 
• 
(3) 
II 
I' 
16. 
All ions having similar charges will emerge with practically 
the same energies. 
II. The Momentum Filter 
A beam of ions homogeneous in momentum may be obtained 
by projecting a heterogeneous beam through and at right angles 
to a uniform magnetic field as shown in fig . 3-3. The force 
H of the magnetic field is always perpendicular to the motion 
and the path described is a circle where 
m v 2 / R = H e v 
m v - R H e 
or (4) 
(5) 
Evidently all ions of a given charge e will emerge from this 
device with the same momentum. As in the case of the energy 
filter there will be a spectrum of momentum at the exit slit 
~nd the position of the exit slit will determine which portion 
of the spectrum will be allowed to pass through. In some 
~G J -J 
I 
I 
I 
I 
/ 
/ 
~ 
R 
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cases a photographic plate replaces this slit and the distri-
bution of momentum in the ion beam is recorded as a function 
' 
of position on the plate. 
The best refocussing of the momentum filter occurs when 
the magnetic field is of the 180° sector type2 . Since all 
orbits in a magnetic field are circular, ions entering slight-
ly inclined to the normal ray have their centers displaced 
above or below the planes of the slits as seen in fig. 3-4. 
This displacement changes the length of the chord cut out by 
the plane of the slits by a very small amount and good althoug 
not perfect focussing action is achieved. The resolution3 
at 180° between two particles v and V both entering normally 
to the plane of the entrance slit is Dm - 7B r 0 where)B = 
(V-v)/V and r 0 = radius of field . The departure from perfect 
refoccusing of two particles of the same velocity~ one enter-
ing normal to the e~trance slit and the other at an angle 
to the normal is Sm = oZ- 2 r 0 • 
A. 90° Sector4 While the best refocussing occurs at 
180° , other sectors have been used such as 60° and 90° . 
Suppose the 90° sector field be considered as shown in fig. 
3-5. A magnetic field H~ perpendicular to the plane of the 
drawing is bounded by planes OPQ and 0\'IV. Angles e and ~ 
2. Dempster A.J., Phys. Rev., 11,316, (1918) 
3. Hughes and Rojans~J ~ Phys. Rev., 34, 285 (1929) 
4. Stephens~ W.E., Phys. Rev., 45, 513 (1934) 
18. 
II 
L~ n 
being angles which the planes make with the base line AOBC. 
The magnetic field then can be considered to be inside area 
QOV and there is no straying outside these lines (i.e. ion 
paths are straight lines). The paths of ions in the magnetic 
field are circular, being perpendicular to the edges of the 
field. A beam of ions of homogeneous velocity v which passes 
through the entrance slit A making an angle with the base 
line will enter the field at P perpendicular to QU . If the 
field H is set to turn the beam in an arc of radius R - a 
sin e = OP = OW where 
R H (e/m) = v (6) 
19. 
I I G. J - 5 
H 
r 
., l~ -r--J 
I 
A I· 
l 
b 
' 
' 
c 
then the center of curvature of the arc will be 0 and the 
positive ion beam will leave the field at W perpendicul ar 
to OV and enter the collecting chamger at B. All other beams 
such as AQV of velocity v and passing through A but making a 
small angle ±~ very close to B. Hence for a given point 
of divergence A of an ion beam entering a wedge-shaped field 
perpendicular to one edge , and leaving perpendicular to the 
other edge , a beam best refocussing will occur at point B 
at a distance b from the apex 0 of the field and on a line 
through A ~ 0, where b = a sin e I sin t 
20. 
The departure from perfect focussing, spread, is the 
distance S which is the 11 spread" along the baseline s times 
sin 6" It is a function of the divergence from the normal 
'( 
path APWB by a small amount e><:.... 
If a beam of slightly greater velocity v I A v starts 
out along AP, the radius of curvature in the magnetic field 
will be larger, following the dotted line APC intersecting 
the base line at C. The dispersion is defined as the distance 
D and is the ability of the apparatus to separate beams of 
slightly different velocities. The dispersion along the base 
line d or BC multiplied by sin ~ gives D. In definition the 
spread and dispersion are penpendicular to the path since the 
ion collector is usually in that position. The function of 
practical importance is the ratio D to S which is a measure 
of the theoretical resolving power. 
Let AOB be the X axis and let the Y axis be perpendicul 
ar to it at A. Considering the path AQVU of the beam of 
velocity v making an angle +~ with the normal beam, by the 
methods of analytical geometry, the coordinates (x1 , y1 ) 
(x2, Y2) (x3, Y3) and x4, Y4) of the points Q, T , V, and U 
are found. QT = R = a sin ~ and QT is perpendicular to AQ. 
21. 
xl = a cos a cos 
Yl = a cos 8 sin 
x2 = a [I11 cos c:><:-) cos e cos ( e I~) 
Y2 - a [llcos~) cos 8 sin ( e l~) 
X3 = e n I ( n2 - 4 mcJI2J I 2m 
( x3 -a) cot ¥ 
where m :CS~ (' 
( e7 l oC- ) I cos o<=- (7) 
( e l ~ ) 1 cos coG( 8) 
I sin B sin (el ~[} ( 9) 
- sin e cos (e l ~1J (10) 
(11) 
(12) 
(13) 
n = -2 (x2l Y2 cot d' l a cot2 d" ) (14) 
c = (x~ I Y22 I 2ay2 cot Y I cot2 d" 
-a2 sin2 e ) 
X4 - X3 I Y3 (Y3 - Y2) I X3 - X2 
Y4 - 0 
then S = (a I b ) - x4 
(15) 
(16) 
(17) 
(18) 
or 
S-a (sin ~ / sin e )- sin ( x3 (x3- ~)I Y3 
(y3 - Y2) I (x3 - x2 ) (19) 
by expanding powers of a'- and dropping powers of oL greater 
than two, we get 
S -= (a oe..2 12) ( sin2 e I sin d" ) 
when 
.2. ' ({ : g s = a oe.. sin e 
for e = ~ = 90°' the 180° case we get s 
which is already known. 
I (sin2!'/ sine ) (20) 
(21) 
22. 
To find dispersion D, we know that an increase in velo-
city causes an increase in radius of curvature ~R such that 
L} R I R = ll v I v if field H is kept constant. If we draw the 
new radius R I ~ Rand determine the new position and new 
angle the beam leaves the field, we can find its intercept on 
AOB. We get this distance in terms of a, B , Y , and R dropping 
all powers of R greater than one and substituting for 4 R we .' 
find 
D = a (sin & / sin ~ ) ( ~ v/ v ) (sine / sin ¥ ) (22) 
when t9 ; ~(, this reduces to 
D=2asin ( ~ v/v) (23) 
In the case of 180° D : 2a ( A v/v) 
'Ib find the values of t3 and ~ which will give the best 
combination of D and S we can plot the ratio of D/S in units 
of ( 2/ ~:;_ ) ( b-v/v) as a function of t9 and ~ . The graph 
indicates that the maximum value of D/S (maximum resolving 
power) occurs when 2 sin (( = sin B . 
II 
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III. The Velocity Filter 
One type of velocity filter makes use of an electric and 
magnetic field acting simultaneouslyJ the directions of the 
fields and the direction of the ion beam being all mutually 
perpendicular. This method is shown in fig. 3-6 (a). 
---,--------------------------------------------------------------~ 
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The magnetic and electric fields apply opposing forces on the 
particular ion and if these two forces just balance each 
24. 
other, it will pass through the system in a straight line and 
emerge from the exit slit. This condition is expressed by 
the relation 
E e = H e v, 
v - E I H 
or (24) 
(25) 
It can be seen from the above equation (25) that the velocity 
is independent of the charge or the mass of the ion and it was 
using this type of filter than Wien and Thomson measured the 
velocities of ions and electrons at the very beginning of this 
work. This~paratus, when used as a velocity filter must be 
adjusted with care so that the absolute magnitudes of the 
fields put the exit slit at the point of greatest resolving 
power. 
A. Type Two Another type of velocity filter is 
shown in fig. 3-6 (b). This system has been developed by 
Smythe5,7 and Mattauch6. The incoming particle traverses two 
(or more) regions where alternating electric fields are 
applied. Each pair of condensers acts as a shutter by allow-
ing particles to pass only during a small part of the cycle. 
Only those particles get through both shutters whose velocity 
and phase satisfy certain relations and hence the device may 
. . 
be used as a velocity filter. The arrangement is analogous 
5. Smythe, W.R., Phys. Rev., 28, 1275, (1926) 
6. Smythe, W.R. and Mattauch, J., Phys. Rev., 40,429,(1932) 
7. Smythe, W.R., Phys. Rev., 45, 299, (1934) 
to Fizeau's toothed wheel experiment for measuring the velocity 
of light. 
IV. Ion Sources 
Although specific systems for the production of positive 
ions will be described in the next chapter, a general discus-
sion of the methods used to produce ions will be helpful at 
this point. 
The low voltage discharge maintained by electrons of con-
trolled speed emitted from a heated cathode has been used ex-
tensively to produce ions in gases and vapors. This source 
permits the investigation of many phenomena as a function of 
the electron velocity. Canal rays from high voltage discharge 
are usually used when one is not interested in how the ions 
are formed. This method gives a wide distribution of energies 
in the ion beam, breaks down complicated molecules into simple 
atomic ions and even sputters or vaporizes some solid material 
in the electrodes to give ions not ordinarily found in gases . 
Substances not readily volatilized may be investigated in this 
way by impregnating the anode with the material and running 
a high voltage discharge in some permanent gas. This is some-
times called the method of anode rays. 
Some salts and minerals when heated to incandescence 
emit ions of those metals having low ionizing potentials. In 
26. 
practice the material is usually deposited on a metallic strip 
and heated by current from some external source. The ions 
are then accelerated in a region of high vacuum. Some solids 
have been found to emit positive ions when subjected to heavy 
electron bombardment. Certain types of high frequency vacuum 
sparks have been found to yield copius quantities of multiply 
charged ions. 
A. An Ion Source A device8 for producing ions by 
electron bombardment is shown in fig. 3-7. The substance to 
be analyzed is vaporizedjn a furnace of tungsten foil W. The 
ions are produced in the molecular jet by collisions with 
electrons entering from the opposite side of G1 . G2 is made 
of tantalum~ the top and bottom being covered with platinum 
gauze. A small potential (1 volt) is applied between G2 and 
S1 to draw the ions out. Sl is made double so as to prevent 
the high voltage field between S1 and S2 from reaching the 
ionizing space and producing a velocity spread of the ion 
beam. Electrons are emitted from the tungsten filament F. A 
potential of 45 volts is applied between F and G1 and a vari-
able voltage between G1 and G2 . For production of multiply 
charged ions, the total electron accelerating voltage is about 
300 volts. 
8. Sampson, M. and Bleakney, W., Phys. Rev., 50~ 732, (1936) 
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V. Ion Path (Analyzing Chamber) 
The choice of an ion path is an individual proposition 
with every experimenter. Generally speaking, the ion path can 
be made of any material in which a vacuum can be maintained. 
Various combinations of metal, and glass (pyrex) are usually 
employed. Sometimes as in the Dempster type of spectrometer 
the ion path may be incorporated as an integral part of the 
magnetic field. Large bore copper tubing, tinned to insure 
vacuum tightness, can frequently be used in a sector type 
instrument of the Nier design. However since glass is usually 
employed in some portion of the apparatus, and because of the 
difficulty of making large glass-to-metal seals, pyrex tubing 
has played an important role in the construction of ion path 
systems. This is especially true in experimental models in 
23. 
which the designer wishes to have an unobstructed view of 
the inner as well as the outer areas of his instrument. In 
the next chapter will be seen many types of paths. Some will 
have a path which is clearly recognizable and separate from 
the other components while others will have an ion path which 
is such an integrated part of the equipment that the ion path 
as such will be indiscernable. 
I VI. The Vacuum Systems 
The conditions of vacuum in the mass spectrometer are 
necessary for two reasonsj first~ to provide a mean free path 
at least equal to the length of the ion path~ and second~ to 
provide the proper conditions for the formation of positive 
rays. I 
·It is desirable to have the particles traverse t~e entire 
length of the ion path with as few collisions as possible with 
1 molecules along the way. Therefore~ the residual gas in the 
analyzing chamber is to be kept as low as possible. The num-
ber of collisions a single particle will encounter on entering 
a specific volume of particles will depend on the size of the 
particles and the number contained in the volume (proportional 
V to the pressure.) The distance between successive collisions 
of a given molecule or particle-the free path- will be widely 
different and will be distributed about an average value 1 
I 
~ 
~-
known as the mean free path . This can be computed theoreti-
cally and by lowering the pressure, the mean free path is made 
at least equal to the length of the ion path . 
Suppose that one of these molecules A is at rest in a 
cubical box (fig . 3- 8), 1 c . c . in volume . If another molecule 
B passes through the box normal to one of its faces, the two 
will barely touch each other if the line of motion of B passes 
at a distance d from the center of A. Since B cannot pass c 
closer to A than this distance d without collision, an area 
7.1 d2 is blocked off by A. The chance of the two colliding 
therefore equals the ratio of this area to the total available 
for the entry of B; namely, 7T d21 1 cm. 2 If there are 
several molecules at rest in the box, the chance that B will 
make a hit will increase proportionately to their number n 
and will therefore equal n ffd2 I 1 cm2 For gases at nor-
mal pressures n is very great and the molecule makes many 
collisions per centimeter . The general statement for 11 1 11 is 
"1" = 1 In 7T d2 (26) 
This general statement is not strictly true since only 
one molecule is in motion . If we assume that the molecular 
speeds are distributed according to the Maxwellian theory, 
the equation becomes 
"1" - ll 2112n rr d2 (27) 
30. 
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Since the d is constant for a particular determination, the 
only means of increasing the mean free path is to lower the 
pressure and decrease n . The mean free path of nitrogen 
at 10-4 mm. of mercury is 65.0 em. 
0 
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However, if the ions are produced in some sort of gas-
eous discharge, the pressure must be su~ficient to give a 
strong source of ions. To satisfy both conditions, some sort 
of differential pumping is usually employed. The regions 
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where high and low vacuum conditions are desired are separated 
by diaphrams pierced by fine holes or slits to allow a portion 
of the ion beam to pass, while fast pumps attached to the 
analyzing chamber maintain the high vacuum desired. 
VII. Detection 
After the ions have traversed the length of the analyzer 
there must be some means of revealing their presence at the 
focal point. Two principal methods of detection are the use 
of the photographic emulsion and an ion current measuring 
device (electronic). 
A. Photographic. Ions traveling at normal and high 
velocities affect a photographic emulsion in much the same 
manner as particles of light energy. In his first mass spec-
grograph, Aston used photographic plates to record his e/m 
ratios of the various isotopes. The intensity of a line of a 
plate may be measured with a densitometer to give an indication 
of the relative amount of that isotope present. Also, the 
results of an experimental run are permanently recorded and 
may be studied at one's leisure. If one has a very low inten- .I 
II sity beam of ions, the exposure time may be increased to give 
a perceptible trace of ions of low concentration. The 
photographic plate has some drawbacks however. It is rela-
tively insensitive to slow ions. The density of the recorded 
trace is proportional to the velocity of the impinging ions 
32. 
so erroneous results may be recorded if the velocity spread 
is great. Since only a portion of a D-log E curve plot of 
a photographic emulsion is a straight line, the intensity of 
the plate as a function of the density of the trace is true 
for the straight line portion only. Plates are entirely 
r I 
I 
satisfactory for making mass measurements with the mass spectro-
graph. 
A-1 An Automatic Recorder. A method of automatic 
recording using photographic means is described by Smith9. 
The method used by the author (note 9) makes use of light beams ' 
reflected from galvanometer mirrors falling on a moving photo-
sensitive emulsion (usually bromide paper). The apparatus 
takes the form of a box (fig. 3-9) in which are mounted at the 
rear of the box one or more galvanometers which have been 
connected to electrometers. A large bakelite drum D is 
threaded eighteen threads to the inch, and wound with 15 mil 
nichrome wire . A loose turn on the drum passes over an idler 
wheel T which establishes an intermediary contact between 
T1 and T2 . The potential to the analyzer is in series with 
the drum being applied through brushes at points T2 and T 
(idler wheel). The plate holder Pis mounted on vertical 
screws connected through a gear train to drum D which is 
driven by a variable speed D. C. motor. A beam of light from 
9. Smith, P.T. Phys. Rev., 70~ 116, (1946) 
light source L2 strikes galvanometer G1 and is reflected back 
to a long narrow horizontal slit on the front of the box 
behind which is the photographic material. For a visual 
observation, light from source L1 falls on mirror M1 which is 
so oriented as to throw the beam on the galvanometer mirror 
and thence to the translucent scale s1 • Since the analyzing 
current is applied through the continuously variable potentio-
meter, synchronized with the photographic plate, the photo-
emulsion records an entire region of the mass spectrum auto-
matically. The position of the light spot reflected from the 
galvanometer mirror is a function of the voltage applied by 
\ ~ 
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the PoBte.ntiometer which is a function of the mass recorded. 
Charge Measuring Instruments. The measurement of the 
I ion current was first done by J.J.Thomson10 in his positive 
ray analyzer. He essentially constructed a charge measuring 
device as shown in fig. 3-10. After passing through the l 
electric and magnetic fieldsJ the particles instead of falling II 
on a photographic plateJ fell on the end of a closed cylindri-
cal metal box. In the end of the box nearest the cathode a 
parabolic slit is cut about 1 mm. in width, the vertex of the 
parabola being the point where undeflected rays would strike 
the box. The slit is the only entrance to the box. Inside 
the box immediately behind the slit is a faraday cup so placed 
that every particle that passes through the slit falls on the 
cup. The cup is connected to a Wilson tilting electroscope 
by which the charge it receives can be measured. 
C. Electrometer. In later years the charge measuring 
equipment was superceded by D.C. amplifiers employing 
special tubes. These Current measuring devices are known as 
electrometers and by using a high resistance across the input 
can measure as little as lo-14 amps. The usual tube found in 
electrometers is the FP-54 which by nature of its low volume 
of production and high specifications of manufacture is quite 
costly. The amplifiers are essentially D.C. amplifiers which 
10. 
Longmans Green and Co., (1913~ p 56 
Thomson, J.J., 11 Rays of Positive Electricity', 
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have been designed to eliminate random fluctuations and drift 
which would make an exceptionally low current measuring instru-
ment such as an electrometer useless . Because electrometers 
read directly the ion current (number of ions) present at 
a particular time, they are especially useful in making rela-
tive abundance measurements. The following is a discussion 
of the problems of construction of an electrometer and also 
some solutions to these problems . 
The sensitivity of a D.C . amplifier of the Du Bridge 
type11 is usually determined by the stability which can be 
11. Du Bridge, and Brown, H., Rev . Sci. Inst., 4, 532, (1933) 
~. 
achieved by eliminating slow drifts and random fluctuations. 
Some of the causes of drift are: 
1. Slow changes in e.m.f. 
2. Changes in circuit resistances because of 
temperature changes. 
3. Slow changes in the characteristics of tubes. 
Some sources of fluctuation are: 
1. Improper shielding 
2. Poor rheostat connections 
3. Mechanical vibrations 
4. Change in emission of thoriated tungsten filaments 
The first three fluctuations may be eliminated by 
proper design and mounting. Temperature changes may also be 
remedied. The elimination of drift due to changes in battery 
e.m.f. is important and can be eliminated by using two tubes 
in a balanced circuit. However due to the cost of the tubes 
and the difficulty of matching the characteristics of the 
two, it is desirable to use a single tube which can be 
neutralized (independent of battery changes). Soller12 has 
developed a circuit which is an improvement on all previous 
circuits in that it is independent of changes in the storage 
battery (see fig 3-11). The galvanometer may be brought to 
0 by adjusting R0 • If now the filament current is changed 
by changing R5, the galvanometer defelction will change, but 
12. Soller, W. Rev. Sci. Instr., 3, 416, (1932) 
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for some value of If will go through a rather flat minimum. 
By adjustment of R4 the value of If at this minimum may be made 
approximately equal to the rated filament current of the tube 
and the circuit is then neutralized. 
Soller's circuit however is not independent of changes 
in the cell E. Slow changes in the temperature of E will 
cause a serious galvanometer deflection and also a shift of If 
where neutralization had occured. The value of R4 which is 
quite critical will have to be adjusted frequently to rated 
filament current. 
In the new circuit of the DuBridge type~ the objections 
to the Soller circuit have been eliminated and the effect of 
change in filament emission has been compensated for. The 
circuit is similar to Soller's in that the proper control grid 
bias and plate potential are obtained by tapping off from 
resistances R1 and R2 (see fig.3-12) which are in series with 
the filament. The essential feature is however in the connec-
tion to the space charge grid. Sincethe grid operates at a 
positive potential, it collects electrons, the current to it 
being, as a matter of fact, from four to five times as large 
as the plate current. Now if the filament changes for any 
reason, the currents to the plate and the space charge grid 
would change in about the same ratio. One is balanced against 
]3. 
39. 
- ----, ,,,,,, 
Fru 3- 12 
I 
I 
~ 
the other and the galvanometer is unaffected. 
It is evident from fig. 3-12 that the potential 
difference~ e~ across the galvanometer is given by 
e : Rb Is - R0 Ip (28) 
provided the current through the galvanometer is small com-
pared to Ip and Is· (R0 is small -merely a fine adjustment). 
Actually we wish to make the galvanometer current zero;hence 
e = 0 and 
(29) 
Once this is satisfied the current will remain zero in spite 
of emission fluctuations which change Ip and Is in the same 
ratio. If in addition we want to have e independent of 
battery voltage changes and hence If, we set d e I d If = 0 
which gives 
d Ip I d If - (RbiR0 ) (d Is I d If) (30) 
It is easy to see that for equations (29) and (30) to hold 
for a fixed value of RbiR0 it is necessary that the curves 
Is- If and Ip-If be straight lines which intersect the If 
axis. This is not true in general but it is found to be 
approximately true over small ranges of If so that very 
satisfactory neutralization can be obtained.(see fig.3-13). 
C-1. A Null Current Method of Reading~3 Isotope 
abundance ratios are ordinarily determined in a mass 
spectrograph by employing a single ion collector and alter-
= _ _L2:,3· Nier_, A.O. ~ Phys. Rev., 70, 116 (1946) 
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nately measuring one isotopic current and then the other; 
since currents may be drifting in magnitude sufficient read-
ings are taken so that a reliable ratio is obtained. If two 
ion collectors are employed and if the more abundant isotope 
is measured by means of an inverse feedback amplifier, while 
the rarer isotope is measured simultaneously by a conventional 
electrometer tube amplifier, a measurable fraction of the 
output signal of the inverse feedback amplifier may be used 
to balance out the input signal owing to the rarer isotope. 
The electrometer tube is then used merely as a null indicat-
ing instrument . The balance point is independent of the ion 
intensity so that the method may even be used to accurately 
I! 
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compare currents which are pulsating in magnitude. A second 
inverse feedback amplifier may take the place of the electro-
meter tube amplifier. Such a method lends itself easily to 
aut.omatic recording. 
D. Fluorescent Screen. A satisfactory method if 
visually viewing and aligning the positive ion trace in the 
focal plane is to use a fluorescent screen which will glow 
when hit by streams of ions. This means of detecting the 
presence of positive ions was used in the positive ray 
apparatus of J.J.Thomson. Since it does not have the perma-
nency of the photographic plate or the accuracy of the 
electrometer, the fluorescent screen is not commonly used in 
analytical work as a means of ion detection. 
E. Space Charge. A possible method of detecting the 
presence of positive rays may be used by applying the fact 
that a heavy positive ion moves more slowly than electrons 
of the same energy. If it entered a region near the filament 
where emission was limited by space charge, it might neutra-
lize the space charge of a number of electrons (depending 
on the charge of the ion) and an increase in electron emis-
sion would be an indication of the presence of positive ions. 
42. 
CHAPTER FOUR 
TYPES OF MASS SPECTROMETERS 
For a better understanding of the functioning of the 
mass spectrometer as a unit, the three classical types of 
Thomson, Aston, and Dempster, plus several more advanced 
designs will be presented. 
I. Parabola Method 
The first method of positive ray analysis was a 
parabola method devised by Thomson1 . The research carried 
out by him led to a much clearer understanding of the pheno-
mena of discharge and to the discovery of isotopes among the 
lighter elements. The method consists essentially of allow-
ing rays (positive) 1D pass through a very narrow tube and 
then analyzing the beam so produced by electric and magnetic 
fields. The construction of one of the types of apparatus 
used is shown in fig. 4-1. A discharge is maintained in the 
evacuated bulb A so that the potential between the anode 
(not shown) and the cathode C is of the order of 30,000 to 
60,000 volts. Positive ions were accelerated toward the 
cathode. The face of the cathode was a hemisphere of 
aluminum with a funnel shaped depression where the positive 
ions entered. A troublesome feature was the long narrow 
Thomson, J.J., Rays of Positive Electricity, Longmans, 
1. Green and Co. 2nd.Ed.(l921) p 148-165. 
opening which sharply defined the positive ray beam. The 
central hole was continually filled with silt produced by ion 
bombardment. The thin beam emerging from the cathode was 
acted upon by two fields. The electric field of the plates P 
and P' and the magnetic field of poles M and N were separ-
ated by thin sheets of mica K and L. The beam therefore 
had two forces acting upon it one perpendicular to the other. 
The deflected beam fell on a photographic plate H. Since 
the two fields are parallel and their deflections at right 
angles to one another, the locus of points at which positive 
rays of the same e/m but different velocities fall upon the 
M 
p 
H 
N 
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photographic plate is a parabola. The deflections produced 
may be found as follows: 
For electric field Ee - m v2 I Re 
For magnetic field H e v - m v2 I Rh 
(1) 
(2) 
If x represents the lateral deflection on the photographic 
plate produced by the magnetic field and y represents the 
deflection produced by the electric field then: 
x - k I Rh - k H e I m v 
Y - k I Re - k E e I m v2 
(3) 
(4) 
where m is the mass of the particle,e the charge on the 
particle, and k is a constant depending on the geometry of 
the apparatus. If v be eliminated from (3) and (4) 
y - (EI k H2 ) ( mle) x2 (5) 
the positive rays of a given elm thus fall along the arc of 
a parabola regardless of the velocity of the ray. The value 
elm can be determined from the constants of the parabola. 
On the photographic plates taken with this apparatus , 
several parabolas occur at once, each one being due to a 
different charge to mass ratio. Occasionally, higher order 
parabolas are found due to identical masses with different 
charges. These particles have lost one or more electrons. 
II. Aston's Mass Spectrograph2 
The parabola method of positive ray analysis had 
several limitations as a method of precision. Many rays are 
2. Aston, F.W., Mass Spectra and(IsotQpes, Longmans, Green 
and Co. 3rd.Ed. 1933J 
t 
lost in the long narrow cathode, the total energy available 
from the canal ray tube falls off as the fourth power of the 
diameter, and the parabolic trace is not particularly suitable 
for accurate measurements as it has no definite edges. 
The essentials of Aston's spectrograph are shown in 
fig 4-2. The positive ions are produced in a discharge tube 
not shown. After arriving at the cathode, a very thin ribbon 
of positive ions passes through slits sl and s2 and thence 
into the electric field between plates P1 and P2 . Aston, 
with the use of slits eliminated the long narrow tube that had 
H 
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caused Thomson so much trouble. As the rays pass through the 
electric field, they are spread out in a divergent beam, the 
I 
I 
~ 
II 
I 
slower particles being deflected a greater angle. The ion 
beam then enters the magnetic field which is in such a direc- 1
1 
tion as to produce a deflection in the opposite direction to 
that produced by the electric field. The slower particles are 
again bent more. If the magnetic field is sufficient, the 
particles of low velocity and of high velocity will be 
brought back to a common focus at point F. That is, with the 
proper design, particles of various velocities but the same 
e/m ratio will be focussed at the same point on the photo-
graphic plate. Particles of different e/m will be focussed 
at some other points such as F1 or F2 . 
A rigorous mathematical analysis of this focussing 
action has been put forward3 but a simple approximation4 
will serve to illustrate the treatment: 
The deflections of a particle in the electric and the 
magnetic field correspond to the expressions 
and H e v = m v2 / Rh (6) 
Although the first expression is only approximate, it is 
sufficiently near the truth for small angle deflections. Re-
ferring to fig 4-3, if L represents the length of the approxi-
mately circular arc described while the particle is in the 
3. Aston, F.W., Phil, Mag., 43, 514 (1922) 
4. Stranathan, J.D., "The Particles of Modern Physics"~ 
Blakiston Philad.elphia, (1942) p 157 
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electric field~ and if L' represents the length of the circu-
lar arc described in the magnetic field~ then the angles ~ 
and ¢ of fig 4-3 can be written 
e = LIRe and (7) 
If the values of Re and Rh obtained from these expressions 
are substituted in the two expressions (6) just preceding~ 
then 
& v2 = L E e/m and c/ v - L ' H e/m (8) 
thus over the small range of ~ allowed by the auxiliary 
diaphram D~ the quantities 8.Ar2.. and cj,v- are constant 
for all particles of a given e/m. That is~ the deflections 
and vary for particles of different velocity in such 
a way as to keep these two products constant. Expressing this 
fact analytically 
e v2 
= 
A and = B (9) 
where A and B are constants. Differentiating these expressions 
d e l e = 2 dv / v and d tf I~ • -d vI v (10) 
Hence 
d e l e = 2 d /; ! <P (11) 
Thus the fractional angular separation produced by the elec-
tric field for two particles of slightly different velocities 
is twice the fractional angular separation produced for the 
same particles by a magnetic field. Since the angles 1' and 
t3 are opposite, it follows that if cf is made equal to ,2. t3 
particles of all velocities would proceed onward in parallel . 
paths. But the beam would be wide. By making ¢ larger than 
.,2 e this beam can be converged to a point F. It will now 
be shown that this can be done. 
Let de represent the angular separation of the 
slowest and the fastest particles getting through the 
diaphram D. Then if a be the distance from Z to 0 the actual 
width of the beam at 0 is a a-e . This considers the entire 
effect of the electric field locallized at Z and that of the 
magnetic field localized at 0. This procedure would have to 
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be justified in any rigorous treatment. If these extreme 
particles are now converged by an angle 2)f by the magnetic 
field~ the angular separation beyond point 0 will be ( ~8-d)~). 
If r represents any distance beyond 0 in the direction q6 , 
the width of the beam at distance r will be 
width = a dB I r ( ~e-~rf ) · :S"e& I ( 1- ~ J (12) 
But it has been shown that £ f/f&= tf /2 B . Making this sub-
stitution, and setting the width of the beam equal to zero 
for a focus~ one obtains 
aIr ( 1 - ~e ) 
2a • r ( cJ - 2 e ) 
= 
0 or (13) 
(14) 
Particles of the same e/m but of various velocities will come 
to a focus when this condition is satisfied. In polar coor-
dinates with origin at 0 and base line OA~ this focus F will 
be ~t point r~ f . Relative to axes OX and OY the rectangular 
coordinates of F will be r cos ( ¢ - 2 B ) and r sin ( tJ- 2 & . 
If the angle ( /J -2 t9 ) be sufficiently small~ sin (cl -2 8 ) is 
approximately equal to (y6- 2 c9 ). To this accuracy they 
coordinate is r ( c/ -2 8 ). But for a focus of the particles 
r( f -2 e ) = 2a e (15) 
Therefore the focus F is at the point r cos ( tl -2 GJ ), 2a e . 
Since the y coordinate is constantthe various foci for part-
icles of different e/m all fall on a straight line parallel 
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to the axis OX and a distance 2a c? away. But the distance the 
particles have been deflected from their original line of 
flight by the electric field by the time they have reached 
the origin 0 is approximately a c7 . Since the constant y 
coordinate of the locus of the foci is just twice this,it is 
clear that the straight line representing positions of these 
foci passes through the point Z. Hence, if a photographic 
plate GF is placed along the line ZB making angle C7 with line 
S1S2, particles of various e/m values will be in focus at 
different places along the plate. 
III. Dempster's Apparatus5 
The method of analysis (Dempster's) is similar to that 
used by Classen for the measurement of the e/m of electrons. 
The particles are accelerated through a definite drop in 
potential and bent 180° in a magnetic field. 
Positive ions are obtained from heated filaments coated 
with salts, or actual volatilization of the metal or compound 
containing the atom desired (see Fig.4-4.). The vaporized 
atoms are ionized by bombardment with electrons from a second-
ary heated filament. By application of a suitable potential 
between S1 and the source, the positive ions thus produced 
are accelerated and pass through slit ~ , where they are 
5. Dempster, A.J., Phys. Rev., 11, 316 (1918) 
~. 
bent in a semicircle by a magnetic field perpendicular to the 
plane of the figure. Those having the proper e/m ratio pass 
through slit S2 and impinge on plate P which is connected to 
an electroscope. 
If m be the mass of the positive ion given off from 
the source, e the charge on the ion, and V the accelerating 
potential difference between the source and the slit, then 
V e = 1/2 m v2 
during the deflection in the magnetic field . 
Hev:m-l/R 
combining (1) and (2) 
e/m = 2V / H2 R2 
(16) 
(17) 
(18) 
Since the radius, R, must be a definite value in order 
that particles will enter s2 and be detected by the electro-
scope, only particles of one particular value of e/m will be 
received for a given accelerating voltage and magnetic field. 
Dempster's procedure .was to keep the magnetic field constant 
and vary the accelerating voltage. Since the current to the 
electroscope is proportional to the number of positive ions 
reaching it per unit time~ and since each accelerating poten-
tial corresponds to a definite mass of particles reaching 
the electroscope, a curve can be plotted of current (number 
of particles / second) versus mass of ion. 
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IV. Sector Spectrometer. 
Making use of the focussing effect of a sector magnetic 
field as sho~m by Barber and others~ Nier~7 has designed two 
mass spectrometers which are of the 60° sector type and very 
similar. With the focussing arrangement employed~ the ion 
I 
beam enters and leaves the sector magnetic field perpendicular ! 
to the faces. In this particular type of focussing ~ the 
source of ions~ the apex . of the sector~ and the point of 
refocussing all lie in a straight line. 
The first of the two spectrometers built is a simple 
t ype that could be built for student use at very little cost. 
The second is a modified version of the first with refinements 
6. 
7. 
Nier~ A.O.~ Rev.Sci. Inst.~ 11.~ 212~ 
Nier, A.O., Rev.Sci. Inst.~ 18~398 
(1940) (1947) 
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in the basic elements. 
Figure 4-5 shows a cross-sectional view of the earlier 
model. The ions are produced in source S by electron bombard- I 
ment and accelerated by a potential difference so that they 
pass through s2 , down the analyzer tube where they enter at 
right angles to the pole face and are bent by the magnetic 
field H. All ions having a particular e/m value are deflected 
so as to leave the field perpendicular to the pole face. Thes 
ions pass through s3 onto collector C which is connected to 
a d.c.amplifier. Note that the source S, apex of the sector, 
and the ion collector are all on the same straight line. By 
. I 
Ft G 4 - 5 
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varying the accelerating potential difference and holding the 
magnetic field constant, various isotopes are brought into 
focus. 
Ions are produced by electron impact in the gas or 
vapor to be studied. In fig.4-6, the electrons emitted by a 
heated tungsten ribbon filament F are accelerated by about 
90 volts between one end of the filament · and plate A. A 
fraction of the electrons pass through S4 , and travel across 
to be caught and measured at trap plate T. A difference of 
45 volts is kept between G and T to prevent the escape of 
electrons from the trap. The electron beam is kept in line 
by a small bar magnet placed near the tube. Ions formed by 
the electrons are drawn down by the electric field between B 
• 
and c and are further accelerated by a difference in potential 
between C and D. A fraction of these pass through S2 into 
the mass analyzer. 
The analyzer tubes were similar in both cases. The 
first model used glass tubing while the later metal. 
The ion collector of the second (later) mass spectra-
meter is different from the unusual type in that it employs 
two ion collectors. It is shown in fig. 4-7. Beams I 1 and 
r 2 corresponding to different mass ratios enter the system. 
Plates E1 and E2 operate at a potential of - 45 volts with 
55: 
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G 
respect to ground and serve to suppress secondary electrons 
emitted by ion bombardment. The openings in these plates are 
sufficiently large to prevent ions from striking them. a5 
and G6 are grounded rings inserted between collector one, E1 
and E2 • Their presence prevents ground leakage currents from 
E1 and E2 from reaching collector number one. By using both 
collectors, the null method of detection already described 
earlier may be employed. If a single collector is desired 
collector number two may be used without any modification of 
the collector assembly. 
Since this particular arrangement was used by Nier in 
a number of models, it is now known as the NierType of mass 
spectrometer. 
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V. A Double Focussing Mass Spectrograph. 
The theory of double focussing is expecially inter-
esting in a design by J. Mattauch. A complete parallel is 
assumed to geometric optics in which we find that a radial 
electric field and a ruomogeneous magnetic field act like a 
combination of a prism and a cylindrical lens to which defi-
nite focal and principal planes and a focal length f can be 
ascribed. The theory8 based on optical analogy will follow. 
In fig .4-8 the spaces free of field are I (every 
coordinate 1 ) and II (every coordinate 11 ). The free spaces 
are the conjugate spaces of the objects and the images. The 
radial electric field E = A/r and the homogeneous magnetic 
8. Mattauch, J., Phys. Rev., 50,617 (1936) 
field H perpendicular to the plane of the paper in space III 
are set up so that a particle of velocity v0 and mass M0 
entering along X' travels a circle of radius r = a and after 
being deflected through c/ leaves along X 1 1 • A bundle of 
parallel rays of velocity v = v0 (1 ~ ),and mass M = M0 
( 1 I t' ) slightly differing from v 0 and M0 is united at 
focus F with coordinates g and Yf • A pencil of rays 
diverging from an object point P' (1 1 , b 1 ) is focussed 
image point P 11 (1 11 , b 11 ). If we denote has the distance 
X' 
F1G 4- B 
.. >--.'' 
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of the principal plane from 0 11 (or 0 1 ) the results are: 
f = g - b = (alk) (ll sin k cP ) (19) 
g 
= 
f cos k f h = f (cos k f -1) (20 a,b 
Yf = a ( ~ ) 
applying well-known geometric optics equations 
(1' - g ) (1" - g) = or 
ll (1 1 - h) I 11 (1 1 ' -h) llf 
(21) 
(22) 
(23) 
(b' 1 -yf) I (b 1 -Yf) - -fl(l 1 -g) = -(1 11 -g)lf (24) 
k and are constants which depend on ;5' and '(( In a 
pure electric field (subscript e) or a purely magnetic field 
(subscript m) they become 
ke = (2 ~ =(3 I 112 ~ ~ = 1 f~=(3 1 <Y (25) 
the well - known special cases where 0 1 and 0 11 are conjugate 
are analogous to telescopic image formation where: 
g = -f, rp = n 7T I k 
f m- n Tr 
~ e . = n TTl Jf2 
n = 1, 2, 3, .•. 
(26) 
We can now proceed to the radial electric field and the homo-
geneous magnetic field to form an "achromatic" lens. We wish 
£_ 
to construe the image bm 11 of a slitS of width s(be' = ll2s) 
so that bm 1 1 is independent of~ at least for one particular 
mass. If the image e of the first lens if the object m of 
the second and if D denotes the distance between the end of 
.I 
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(0 11 ) of the electric and the beginning (0 1 ) of the magnetic 
then: 
- D- 1 ' 
- m and b I I e (~7) 
the upper sign holds when the fields are in the same direction 
and the lower sign when they are opposite. 
Introducing the abbreviations: 
- ge )j 
= ae 
[ 1 I fe I (le 1 
( 1- cos f2 ¢> e) I l~ 1 1 f2 sin f2 sb.L) (28) 
Km = am Q- I ( lm 1 - gm ) I f m J 
- ~ (1-cos ¢> m) I ( D - le 1 1 ) sin cp m (29) 
using eqs. (24) and (27) we get ordinates of the final image 
bm' 1 in terms of the ordinates be' of the points of the 
slit s1 • 
{ U Kelae-l) (be 1 -,1.5') ( Ke "I ~U -
[<f (li2Ke f Km)]} 
[ ll (Km I~ -l fl 
for which the condition of double focussing is 
(30) 
(31) 
The resolution of the double focussing mass spectrograph is 
given by the ratio of the image of the width of the slit for 
one mass, 2 bm'' to the coefficient of ~ in equation (30) 
A MIM : 2sl ae (1- ae I Ke) = 2slae (1 1 a~Km) (32) 
the resolution depends therefore on the characteristics of 
'I 
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electric field only. The energy of the rays passing a diaph-
ram Bat le'' is constant, therefore: 
M = k am2 (33) 
where k - eH2 Thence we get the difference of 
packing fraction of the lines of a doublet 
L1 MIM = 2 A am I am (34) 
as well as the mass scale on the plate by computing the 
relation between ~ and the distance X from the fiducial point 
We wish to adjust the magnitudes which are not deter-
mined by eqs. (31) and (32) in such a way as to get double 
focussing for all values of M, which means that we need to 
look for a special case when eq.(31) becomes independent of 
~· By dividing eq. (30) by le'' and taking limit le'~~ 
(le' = ge). Taking the lower sign we get 
= 
sin tP m (35) 
since the rays coming into the magnetic field are parallel, 
1 II _ g 
m - m and D becomes indeterminate. Since ~e is a 
constant, we see from equation (35) that ~ m has to be a 
constant also though M varies. In order not to contradict 
ourselves on the assumption made that the field be radial, we 
simply choose lm - 0; then from eqs. (20a) and (35) we 
get cfm = 7T 12, rP e= 7TI4 = ae I r2. 
With the introduction of new polar coordinates 
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;::; = ,Z am sin '/ and f = 1/2 tp m ~ we see that all 
images lie on a straight line which goes through 0' and is 
inclined to the median ray entering the field by an angle 
J,T /4. To get the best resolution ae is made as large as 
possible. The mas scale then becomes: 
M = k/' 2 (36) 
measuring M in units of isotopic weight (o16 : 16) and 
denoting by F Faraday constant corrected to the physical scale 
the constant of equation (36) becomes 
F ( __k A-/jA.-_,) 3 oo II :t 
c :z r~-;~z P) X 
-~ ;-I:! 
1£/ltlo -
X (57) 
if H is measured in oersteds and X in volts. Difference of 
packing fraction and resolution are given by 
L\ M/M = 2 2s/ae (38) 
Mass spectrometers built using the theory of double 
focussing in modification of Mattauch's type are shown in 
figs. 4-9 and 4-10. Mattauch's instrument is shown in fig. 
4-11. 
Shaw and Rall9 built and a.c.operated mass spectro-
graph using the Mattauch arrangement of a 31°- 50' electric 
deflection followed by a 90° deflection in a magnetic field. 
All sources of power were derived from a.c. energized power 
supplies. 
9. Shaw~ A.E.~ and Rall~ W.~ Rev.Sci.Inst.~ 18~ 278 (1947) 
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VI. Velocity and Direction Focussing. 
10 Bainbridge and Jordan have combined an electric and 
a magnetic field to give simultaneous velocity and direction 
focussing . Ions are produced in a low pressure discharge 
tube A (fig. 4-12) which is operated at 20,000 volts. Power 
is usually furnished by a full wave rectifier. Gas is 
admitted to the discharge tube through an inlet under the 
cathode C which is patterned after the Thomson type made of 
aluminum. Ions of metallic elements are in general produced 
by introducing a quantity of the element to be investigated 
into the cathode and running the discharge in neon. A copius 
supply of singly and doubly charged metallic ions can be 
10. Bainbridge K.T ., and Jordan~ E .B.~Phys.Rev., 50, 282 
(1936) 
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obtained in this way. The addition of neon tends to stabilize I 
the discharge and to produce a controlled evaporation of the 
substance struck by the neon ions. 
The ions from the discharge tube are collimated by 
slits S1 and S2.and enter the energy selector. The beam, 
heterogeneous in energy and e/m values, enters the energy 
selector composed of two accurately cast bronze deflecting 
plates spaced 1.9 em apart. This separation which is larger 
than usual is designed to rid the plates of space charge 
effects . The plates have to run at a higher than normal 
voltage (240ov·) since their separation is greater . The 
p 
selector permits ions differing by four per cent in energy, 
diverging in an angle of 1/50 of a radian to be focussed in 
front of s3 after deflection through 7T / (2 radians. Aux-
iliary deflecting plates are used to secure small angular 
adjustments of the beams. 
The ion beam is further collimated by slit S3 and 
passes between the poles of an electromagnet entering and 
leaving perpendicular to the pole faces. Only six watts are 
needed in the coils to bring the heaviest ions to the center 
of the plate. The sector is 71/ 3 radians. Barber 11 has 
shown that if the central ray of a divergent bundle of ions 
enters and leaves the field normal to the faces, the ions 
are brought to focus on a line extending from the source 
through the center of curvature of the central beam. The 
photographic plate especially sensitive to positive rays is 
oriented in the focal plane at this point. The plate (2"xl6") 
is supported in a cast bronze carriage which has a lapped 
surface to provide contact with the plate over its entire 
length. The carriage may be moved parallel by a rack and 
pinion arrangement permitting twelve exposures of spectral 
lines about three mm. in height. 
The mean dispersion for a one per cent mass difference 
and a resolving power M/~ M of 10,000 is attained in routine 
11. Barber, N.F., Proc Leeds Phil. Soc., 2, 427 (1933). 
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work. Over 140 rnm. on the plate, the maximum divergences 
from linearity are ± 1/7000. 
VII. A Radian Spectrometer of Nier 
The apparatus of Nier12 is assembled in a round pyrex 
tube. All metal parts are tantalum except the analyzer L 
which is copper. The region around the ion source is 
surrounded by an electric furnace which can be maintained at 
any desired .temperature .. Any vapor which diffuses into the 
analyzer tube which is not heated, will condense and the low 
pressure thus produced will reduce the number of collisions 
suffered by the ions on their way around the analyzer. A 
side mbe (not shown) contains the substance to be studied. 
A large solenoid with its axis parallel to the main tube 
surrounds the entire apparatus and produces a field of 2000 
gauss. 
Referring to figs 4-13 and 4-14, electrons are emitted 
from filament F and accelerated by a small voltage between F 
and A. In the region between A and B they are further 
accelerated to any given velocity. They are finally collected 
on plate E in electron trap D. A small voltage of correct 
polarity is applied between plates G and M so that positive 
rays formed by collision of electrons with gas molecules or 
vapor molecules will proceed toward G. Ions which pass 
12. Nier, A.O., Phys. Rev., 50, 1041, (1936) 
r 
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l 
through slit S1 are further accelerated by a potential 
between G and H. A certain fraction then passes through s2 
into the analyzer in which the ion paths are circular. Those 
having the proper e/m ratio will emerge from slit S3 to be 
collected by the plate P and be measured by an electrometer. 
The magnetic field is kept constant and by adjusting 
the potential between G and H, the nmss spectrum can be 
covered. 
In a later model, Nier13 increased the size of the 
apparatus and instead of using a solenoid, designed it to 
operate between the poles of an electromagnet. In principle 
it is very similar however. Because of the larger geometry 
and greater magnetic field, the resolving power is increased 
considerably without loss of sensitivity. 
VIII. High Intensity Mass Spectrometer. 
To study the ionization of molecules and particularly 
that of hydrogen, Bleakneyl4 designed a spectrometer utiliz-
ing the ·radian focussing property of a uniform magnetic field. 
The magnetic field is in the form of a large solenoid capable 
of producing 1500 gauss without introducing iron into the 
magnetic circuit. As shown in fig.4-15, electrons from 
filament F are accelerated between the first two diaphrams of 
13. Nier, A.O., Phys. Rev., 52, 933 (1937) 
14. Bleakney, W., Phys. Rev., 40, 496, (1932) 
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the electron gun G and pass between plates A and B as shown 
by dotted lines. They are finally collected on an inclined 
plate P which is maintained positive (about 100 volts) to 
prevent secondary electrons from escaping from the trap T. 
The beam is kept accurately aligned by the longitudinal 
magnetic field H. The positive ions formed along the electron 
path are accelerated through slits S1 and S2 by a small field 
between A and B and a stronger field between B and C. Then 
the ions travel an arc of a circle whose radius is r deter-
mined by the relation 
e~ = (39) 
where V is the velocity expressed in equivalent volts which 
the ion has acurired before passing through S2. By adjusting 
V, theions of a particular e/m value will pass through s3 
and fall on plate K which is connected to the electrometer. 
This d.c.amplifying device measures the total number of ions 
in a particular beam when the potential is adjusted so that 
all the beam falls on it. The entire apparatus is mounted 
entirely inside a vacuum tube which is in side the solenoid. 
Provision is made for a furnace to be incorporated in the 
solenoid so that the entire unit may be baked out at any 
time without distrubing anything. 
The spectrometer is designed primarily for work with 
gases at very low pressures from lo-4 to 10-7 mm of Hg. 
r 
I 
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IX. Magnetic Lens Spectrometer 
An unusual type of spectrometer using a magnetic lens 
designed by Smythe, Rumbaugh, and West15 was able to collect 
small isotopic samples. The magnetic pole pieces comprising 
the lens are designed with circular boundaries. One of the 
circles has its center C passing through the origin and the 
other has its center at C1 a distance r to the right of C, 
where r is the radius of curvature of the ions in the field. 
It is interesting to note that if the circles are continued 
to the left of the y axis, we have a diverging lens with a 
virtual focus at C. (see fig.4-16). 
15 . Smythe, W. R., 
FIG 4- I 5 
Rumbaugh, L.H., and West, S.S., Phys. Rev. 
45' 724' (1934) 
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The ion source assembly is shown in fig. 4-17. Heaters 
H1 and H2 increase the temperature of the Kunsman catalyst 
alkali metal (shown in black), embedded in the source, until 
it emits. Then by applying a potential between UV andillit 
R the ions formed are accelerated toward the magnetic lens. 
Focussing bars SS are placed so as to modify the form or 
direction of the beam by application of potentials. The 
beam enters the field of the magnetic lens where all ions of 
a particular e/m value will be focussed at a slit placed at 
c. By varying the value of accelerating potential, the mass 
spectrum may be scanned. Double slits and double collectors 
may be employed to obtain samples of two isotopes simultaneous 
ly (i.e. Li6 and Li7) . 
This spectrometer is the result of many trials and 
modifications. Difficulties were encountered in the ultimate 
shape of the magnetic field and also in the design of the ion 
source. The method is suitable for collection of pure 
isotopic samples as is evidenced by deposition of one 
milligram of K39 in seven hours using an ion current of .1 
milliampere. 
X. Crossed Field Spectrometer 
Th f d 1 t i d t . ~· ld 16 e use o crosse e ec r c an magne lc Lle s 
affords a good means of 'separation of isotopes. This method 
16. Oliphant, M.L., Shire, E. S., and Crowther, B.M., Roy. 
Soc. London, 146A, 922 (1934) 
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has the advantages that it is easy to build and adjust and 
also that the separation of isotopic beams may be made 
greater with the combination of both fields than with the 
magnetic field alone. 
The ion source (see fig.4-18) is composed of a coated 
filament which was first overheated until a sudden increase 
in emission indicated that the surface had been activated. 
The ions thus formed are accelerated by a potential differ-
ence between E1 and E2 (4000 v.) and further between E2 and 
E3 by 6000 volts. Ions diverging from the slit S in E2 were 
made to converge by the field between E2 and E3, the position 
of the resulting focus depending on the ratio of the potential 
difference between the filament F and E2, and E2 and E3. The 
focus of the beam was made to come slightly in front of the 
collecting plate ( s) . By applying an electric field between 
plates P P and a magnetic field perpendicular to it, the 
focal spot if c:omposed of two isotopes was split in two and 
could be arranged to fall on double collectors C c. By 
varying the fields and using a single collector, ion currents 
could be measured for different values of e/m. 
Using a magnetic field of 1500 gauss and an electric 
field of 600 volts/ em., beams of 5 microamperes of Li7 and .4 
microamperes of Li6 were easily .obtained. However due to 
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sputtering action of incident ions already on the collectorsit 
was impossible to collect more than .3 micrograms at a single 
run. 
XI. Mattauch Type 
A special type of velocity filter using alternating 
electric fields at right angles to the beam: has developed by 
17 18 19. Smythe and Mattauch ' ' . It is a convenient substitute 
for pure magnetic analysis and if combined with either 
17. Smythe, W.R., Phys . Rev. 28, 1275, (1926) 
18. Smythe, W.R. and Mattauch, J., Phys. Rev., 40, 424, (193 ) 
19. Smythe, W.R.,Phys. Rev., 45, 299, (1934) 
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magnetic or electric deflection methods, can be used to 
analyze a beam which is inhomogeneous both in mass and 
velocity. 
It can be seen that if an alternating electric field 
be uniform and sharpedged, then those particles whose velocity 
is such that they pass through the field in a whole number of 
cycles will have received as much acceleration in one direc-
tion as the other and will emerge parallel to their original 
direction of motion. However they will be displaced from 
their paths by an amount depending on the phase of the field 
when they entered it. If now a second identical field be 
placed at such a distance from the first that these particles 
enter it in opposite phase to that which they entered the 
first, then the displacement will be reversed in the second 
field and the particles will emerge from it undeviated and 
undisplaced. 
It is impossible in practice, to make such a uniform 
sharp-edged field but by satisfying certain conditions of 
symmetry according to theoretical considerations, fields 
which are neither uniform or sharp-edged can be employed. 
Ions are produced in a discharge tube (run at 5,000 
to 8,000 volts) shown at the left of fig.4-19, and pass 
through collimating slits s1 and 82. The beam then passes 
76. 
through the condensers forming the filter . The alternating 
field applied to the filter is supplied by a crystal controlled 
oscillator with suitable amplifying system. Those particles 
which do not satisfy velocity requirements are displaced or 
deviated and excluded from the beam path by s3 and S4 . At 
s4, the beam containing only certain velocities emerges from 
the filter and is deflected by an electrostatic field to re-
move harmonics passing through . The beam passing through s5 
falls on a collecting plate which is attached to an electro-
meter . The electrometer current plotted as a function of 
deflecting voltage shows peaks at certain values which are 
Pu MP 
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proportional to the masses of the positive ions present. 
XII. 20 180° Sector Spectrometer • 
A 180° sector spectrometer employing an unusual posi-
tioning of the ion detecting apparatus has been built for 
precision solution of chemical and physical problems. The 
spectrometer as shown in fig. 4-20 is built almost completely 
. of metal. ·The ion source consists of a removable copper 
shell with electrodes sealed in the top. The conventional 
filament grid arrangement is shown although any source may 
be employed which can be made to operate in the given area. 
The ion beam from the source passes through accellerating 
slits .into the magnetic field where it is deflected 180°. All 
those ions having the proper e/m ratio will enter slit s3 
and fall on collecting cup C. The collecting cup is attached 
by a short lead directly to the grid of an FP-54 electrometer 
tube, which is included in the vacuum system. In t his way 
the tube remains free of moisture and is shielded by the steel 
cylinder which surrounds it. Several grid resistors ranging 
from 10 to 106 megohms are suspended vertically around the 
walls of the steel cylinder and are attached to solenoid 
plungers. These resistors are used across the input of the 
electrometer (see Chapter 3c, resistance R). The resistors 
20. Brown, H;, Mitchell, J.J. and Fowler, D., Rev. Sci Inst. 
12, 435, (1941) 
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have platinum bows which when the solenoid is energized make 
contact with the grid cap of he tube. The size of the 
resistance may be selected b operation of the proper solenoid. 
All voltages employed in the operation of the spectrometer 
are maintained by stabilized power supplied. 
XIII . An Ion Velocitron21 . 
The mass spectrometer does not lend itself readily to 
the instantaneous display of the entire spectrum because the 
observation of individual s peaks is too slow when it is 
desired to analyze a system hose composition is constantly 
changing. The separation my be accomplished without the 
use of a magnetic field by rejecting ion pulses of known 
21. Cameron, A.E., and Egg rs, D.F., Rev.Sci.Inst. 19, 
605, ( 1948) 
79. 
energy down a long evacuated d Since the velocity~ 
charge~ mass~ and accelerating potential are related by the 
expression 
v = / m~ (40) 
the velocity is~ for constant conditions inversely propor-
tional to the square root of mass. The time interval 
between the arrival of pulses ions of masses m1 and m2 
at the end of the tube is pro ortional to L ( fffi1 - Ym2 ) 
where L is the length of the rift tube form ion source to 
collector plate. 
The pulses are amplifi d and applied to vertical 
deflection plates of an oscil oscope whose horizontal sweep 
is tripped by the pulse applied to the ion source. The hori-
zontal sweep may be calibrated in microseconds to permit 
establishing time of flight~ and if accelerating voltage and 
length of ion path are known~ the mass of the ion corres-
ponding to a pip location on the screen can be calculated. 
The source must produce ions which are nearly monoenergetic 
since broadening of the puls will occur if this condition 
is not fulfilled. 
The block diagram is hown in fig. 4-21. The sweep 
calibrator trips the pulse nerator and also the horizontal 
sweep of the oscilloscope. pulse width of 5 microseconds 
-----=-==-- -
80. 
1 
I 
I 
J 
is usually necessary to secure adequate intensity at the 
receiver. A portion of the p lse generator is applied to the 
vertical deflecting plates t~ough a coupling condenser, to 
provide a zero time marker. he scope calibrator applies pips 
every ten microseconds to the horizontal trace. 
The pattern is analyze by reading of the time corres-
ponding to the midpoint of ri e of the peaks. Masses are 
calculated from the observed ime intervals by the expression 
m - t2 E (5.25 X 104 ) (41) 1 
in which E is in volts, and is in microseconds. The con-
stant contains the length (3 7 em.) and conversion factors. 
The "velocitron" is s milar to a pulsed mass spectro-
meter described by Stephens2 in which pulses of ions travel 
down a vacuum tube and in tr veling separate out into e/m 
groups. The groups are coll~cted, amplified, and applied to 
the deflection plates of an oscilloscope. 
XIV. Radiofrequency Mass Spectrometer 23. 
This method employs the velocity selection principle 
using parallel grids of knitted wire. The grids are arranged 
in groups of three with an alternating radiofrequency poten-
tial applied to the middle of each group. The spectrometer 
22. Stephens, W.E., Phys. Rev., 69, 691 (1946) 
23. Bennett, W.H., Jour. Appl. Phys., 21, 143 (1950) 
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provides sufficient resolution for ordinary gas analysis 
requirements and is simpler than magnetic beam deflection 
devices. 
The first tube built was a single stage tube shown 
schematically in fig. ·4-22. Electrons produced at filament A 
are accelerated through a d.c.potential to grid B. Positive 
ions produced by collisions of electrons with gas molecules 
between grids B and C are accelerated by a potential differ-
ence V, between B and c. The grids C and D are equally 
spaced at a distance s. A radiofrequency of angular frequency 
(L) is applied to 
field between C and D 
Ecd 
and between D and E 
the middle grid D giving an electric 
E sin ( cu t I e ) (42) 
-E sin ( w t I e ) (43) 
where t is zero at the instant an ion crosses the plane of 
grid C anp E sin 8 is the value of the field Ecd at that 
instant. It is assumed that there is a uniform flow of 
ions .up to grid C so that there will be equal numbers of ions 
with each possible value of e . Some of these ions will 11 
receive energy from the fields as they pass the grids and I 
others will lose energy to the fields. The collecting plate 
F has a d.c.stopping potential which turns back all ions 
--==---=-- -
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except those which have acquired nearly the maximum possible 
energy from the fields. 
In order to increase the sensitivity and reduce the 
harmonics to a single peak, a two-stage and a three-stage 
tube was built along the same lines as the first tube. 
The grids used were constructed of .0005 in. tungsten 
wire knitted 15 loops to the centimeter. The open area of 
the grids is greater than 95 per cent and even though 13 are 
used in the three stage tube~ they pass more than 50 per cent 
of the beam. 
If the accelerating potential V, grid spacing s, and 
frequency f are known~ the mass may be computed by 
M = K v 1 s2 f2 (4-4) 
where K is a constant depending on the geometry of the appara-
tus and conversion factors. 
"XV. Other Types 
Sl.rl·24 has d ·b d t th · ha b escrl e a mass spec roscope a~ s een 
successful in biological research involving stable isotopes 
and various gas mixtures. The principle features are; use 
of an oscillating accelerating voltage, a permanent magnetic 
field~ a.c amplifiers, and an oscilloscope as a measuring 
device. By superimposing on the d.c.accelerating potential 
24. Siri, W.,Rev. Sci.Inst., 18, 54-0 (194-7) 
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a linear sweep voltage of 200 c.p.s.,ion beams of pulsating 
radii are produced. The collecting electrodes will see pulses 
corresponding to the masses present which are then amplified 
and observed on an oscilloscope screen. With this arrange-
ment the entire spectrum can be scanned and separate masses 
measured at will. No regulating circuits of elaborate 
control mechanisms are needed. 
B. Bleakney and Hipple25 make use of crossed fields 
(electric and magnetic) in an arrangement that has perfect 
focussing properties. Two types of ion paths are considered; 
the prolate and the curtate. The focussing depends only on 
the e/m of the ion and not on the velocity or direction of 
the charged particle entering the field . A distribution in 
energy accounting to 50 per cent of the accelerating potential 
of the ions has no effect on the resolution. 
C. Bauer26 uses an oscillating electric field as an 
analyzer in a simple mass spectrometer based on the principle 
proposed by Smythe of oscillating electric fields. 
D. Using a 180° sector magnetic field composed of 27 
permanent magnets, Bleakney27 made some isotopic studies 
of Ba~ Sr, In, Ga, Li, and Na. 
25. Bleakney, W., and Hipple J.A., Phys.Rev. 53, 521, (1938) 
26. Bauer, S.H., Jour. Phys. Chern.~ 39, 957 (1935) 
27. Bleakney,W., Phys. Rev., 50, 456, (1936) 
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CHAPTER FIVE 
RESULTS AND USES 
I. Parabola Method 
Some results of J.J.Thomson 1 s parabola method of 
positive ion analysis are shown in fig. 5-l. This method, 
while it detects the presence of the various ions formed in 
the discharge and gives an indication of their abundance 
(intensity of trace) can be seen to have certain limitations 
as far as precise measurement of mass is concerned. 
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Harmsen1 , by improving the basic model used by Thomson, was 
able to reduce the width of the parabolic traces and so impro~ 
the resolving power to about l to 600. This resolution while 
good for the parabola method cannot be compared to the 
precision mass spectrograph of today with resolving powers 
of 20,000 to 50,000. The parabola method then is primarily 
of historical importance being the first method of positive 
ray analysis. 
II. Isotopic Constitution of an Element 
Beginning with the work of Aston, the subject of 
isotopic constitution of elements was vigorously investigated 
using the methods of . the first and second mass spectrograph 
and that of Dempster. With the opening of a hitherto unkriown 
area, investigators energetically delved into the detection 
of isotopes. New determinations of atomic weights and 
announcements of discoveries of new isotopes of elements 
flooded the field . Shown in fig.5-2 (A;B,C) are some mass 
spectrograms taken by Aston. Note how with continual refine-
ment, Aston was able to narrow the widths of the traces 
• 
and soincrease the accuracy which the isotopes could be 
measured. If the mass scale is linear and an unknown trace 
occurs between two known isotopic traces, the position can be 
l . Harmsen, H., Zeits . f . Physik, 82, 589 (1933) 
measured and the mass determined. 
If a normally occurring element is analyzed with the 
mass spectrograph, the natural abundances of its isotopes 
may be found by measuring the density of the traces, which 
will give an indication of the relative amounts of the 
isotopes present . The errors in this method of quantitative 
measurement have already been discussed . 
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III. Isotopic Masses. 
The most precise method of measuring the relative 
masses of atoms is the doublet method used by Aston and 
Bainbridge. The following work of Bainbridge2 on determining 
the ratio between He and H illustrates the doublet method. 
The doublet is a group of ions whose masses differ by a 
fraction of a mass unit. Bainbridge used the doublet 
Hell- D+ taken from a mass spectrographic plate. (fig.5-2,D)~ 
Since the traces were recorded at the same time, a measurement 
of the doublet separation and linear dispersion are the only 
data that are required to calculate the mass difference. The 
dispersion of the spectrograph was already found to be linear 
and so Bainbridge measured the distance between the traces, 
equated to mass units, which was found to be .04470 1 .000020. 
If we let mHe and ~ be the masses of the neutral helium 
and hydrogen atoms respectively, m be the mass of the 
e 
electron, and A m/e be the interval in question, then 
~ m/e = (2mH- me)/e- (~{e- 2me)/2e (1) 
mHe / mH = 4- 2 m /~ (2) 
by substituting ~ m = .014470 f .000020 in equation (2) 
together with an approximate value of mH, the He to H ratio 
2. Bainbridge, K.T., Phys. Rev., 43, 103, (1933) 
89. 
is 
~e I~ = 4- 2(.ol447o) I 1.oo8 -
3.97129 1 .00004 (3) (3) 
It can be seen that mH enters only as a correction term 
and so need not be very precise. By determining ratios of 
different elements in a similar manner, an entire system 
of atomic weights can be built up. 
IV. Relative Abundance 
The mass spectrograph uses relatively small slits to 
attain the highest resolution possible at the sacrifice of 
reduced ion current. This combined with the disadvantage of 
correlating the amount of blackening of the traces with the 
number of ions striking the plate makes the mass spectrometer 
with fairly wide slits and electrically measured ion current 
a more accurate means of deter~ining relative abundances. 
All positive ions of a particular e/m ratio passing through 
the exit slit are recorded as an increase in the ion current 
as read by the galvanometer. It must be remembered in all 
analysis work with the spectrometer that the height of the 
ion peaks is not directly proportional to the amounts present. 
Equal heights of peaks do not indicate equal amounts. One 
of the factors contributing to the height of the peaks is 
3. Aston later showed this to be slightly in error. Correct-
ed value equals 3.97166. 
I 
electron voltage. Below a certain value no ions will be 
formed. It is customary to compare relative intensities at 
75 to 100 volts since the ionization efficiency curves are 
quite flat in that region. For some substances for which 
data is available~ a correction can be made which is surfi-
ciently good for a rough analysis. If it is desired to make 
the analysis to an accuracy of about one percent~ a known 
mixture of the two components should be used for calibration. 
V. Products of Ionization 
This was one of the first problems to which the mass 
spectrograph was applied. Beginning with the parabola method 
of Thomson down to the present day, this mass measuring 
instrument has thrown a great deal of light on the conduction 
of electricity through gases and the production of ions. If 
a polyatomic molecule is bombarded with electrons and analy zed 
with the mass spectrometer~ various peaks corresponding to 
the different ions formed will be shown at the detecting 
instrument. By varying the electron voltage, it is possible 
to find the minimum value of electron energy that is required 
to produce each of these ions. Probability of ionization and 
the potentials at which various ions will appear can also be 
studied. 
91. 
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VI. Chemical Analysis 
In the field of chemical analysis the mass spectrometer 
has many uses. Any analysis can be made quickly as compared 
with ordinary chemical methods. The presence of impurities 
does not impair the sensitivity of the determination since 
selection is made on the basis of e/m ratios and the impuri-
ties which will have different e/m ratios will not fall at 
the same positions as the substance whose presence is to be 
detected. The fact that only a small sample is necessary to 
carry out an analysis would be a decided advantage if 
quantities of the sample were limted. 
Continuous analysis of a gas of changing composition 
may be made by introducing the gas into the region of the ion 
source by means of a capillary leak. It must be remembered 
that the rates of flow of gases through capillaries are not 
all the same, and relative abundance measurements must be 
corrected accordingly. 
By using a stable isotope as a tracer in a chemical 
reaction, its presence can be detected with a mass spectro-
meter through a series of operations even though separated 
into minute quantities. Radioactive tracers can be used also 
if the half life of the tracer is of sufficient duration to 
allow a mass spectrometric analysis of the sample. However, 
92. 
in work with radioactive tracers, it has been found that 
geiger tubes give quicker and more accurate results . 
Traces of a foreign or unwanted material in a process 
or operation may be quickly recognized with the mass spectro-
meter . A small quantity of oxygen in a system which has to 
be free of oxygen could be detected in a short time. 
This mass measuring device may also be used to deter-
mine theequilibrium constants of a chemical reaction as a 
function of the temperature . 
VII. Permanent Separation 
By employing a method such as is used in the magnetic 
lens spectrometer, small quantities of an isotope may be 
collected. These small samples may be used in a number of 
ways such as disintegration investigations and microchemical 
experiments. 
During the early years of work on the atomic energy 
project4 , researchers sought some method of separating 
u235 from naturally occurring u238 . Many methods were 
considered such as diffusion, centrifuging, chemical action, 
fractional distillation, evaporation, photochemical methods, 
and electromagnetic separation . Since the electromagnetic 
4. Smyth, H. D. , "Atomic Energy for Military Purposes" 
Princeton University Press, Princeton, 264pp (1945) 
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method (mass spectrometer) accomplished essentially a complete 
separation yielding a pure sample in a single stage of opera-
tion~ this method was used to produce u235. Great numbers 
of mass separators (using electromagnetic means) were set up. 
Each one built incorporated a modification of the former so 
that at one time there were 115 types of collecting assemblies 
and 71 types of ion sources. Later greater production was 
realized by concentrating the amount of u235 in the raw 
samples of u238 by a thermal diffusion process. 
9lt. 
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Abstract 
The mass spectrometer is essentially a mass measuring 
instrument. It was first developed to detect the apparent 
difference in the masses of the various atoms of the same 
element. Soddy, in researches with radioactivity and Thomson, 
using a parabola method of analysis, arrived at the conclu-
sion, about 1915, that atoms of the same element are not all 
the same but have various weigh.ts in the vicinity of the 
atomic weight assigned by chemical analysis. These substances 
having the same atomic number but differing in atomic weight 
were given the name- Isotopes (equal-place). 
The beginning of the mass spectrometer then can be 
said to have started with J. J. Thomson. Thomson, by using 
a high voltage discharge through a gas,accelerated the posi-
tive ions thus formed by means of electric and magnetic 
deflection fields. (The discovery of positive rays produced 
by accelerating positive ions through a potential difference, 
had been made by Goldstein in 1886). As the accelerated ions 
passed through electric and magnetic fields, they were acted 
upon in perpendicular directions by the two fields to form 
parabolic traces on a photographic plate placed in front of 
the apparatus. Each parabolic trace was due to a definite 
charge to mass ratio (e/m) of the ions falling within the 
XII · 
trace. The length of the trace was a function of the velocity 
spread of the ions. Ions of different charge to mass ratios 
were found at different places on the plate. Thomson worked 
first with Ne whose analysis showed an unknown parabola at 
mass 22. This was later found to be an isotope of Ne, 
Ne22. 
Thus we have the essential idea of the mass spectro-
meter. Positive ions are produced of a substance to be 
analyzed. They are accelerated through a potential and then 
analyzed by some sort of filtering arrangement composed of 
combinations of velocity, momentum, and energy filters. These 
filters use electric and magnetic fields in various shapes Jj 
and forms. The resulting ions are sorted out according to 
their charge to mass ratio and detected by photographic 
or electronic means. The mass spectrometer does not measure 
mass directly, but by knowing the charge on the ion, its mass 
can be computed. 
Aston designed the first true mass spectrograph. The 
ions produced were defined by slits and deflected by an 
electric field in one direction and a magnetic field in the 
opposite to produce an 11 achromatic 11 image at the focal point. 
By narrowing the slits and adjusting the shapes of the deflec-
ting fields, greater and greater resolution was attained in 
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succeeding models of mass measuring instruments. 
Positive rays affect the photographic plate in much 
the same manner as light energy. Photo-detection is an 
entirely satisfactory means for making mass measurements but i 
is difficult to determine how much of each isotope is present 
(relative abundance) by measuring of the blackening of the 
plate. Various charge measuring instruments were devised to 
record the amount of charge as a function of the number of 
ions present. Development of special tubes (electrometer 
tubes) incorporated in sensitive D.C. amplifiers were able to 
measure total ion current at the focal point of the mass 
spectrometer. This instrument may be set up to read current 
automatically while sweeping the entire mass spectrum. 
The mass spectrometer differs from the mass spectro-
graph in that it uses an electrometer (d.c.amplifier) as a 
detector instead of a photographic plate. It also has wider 
slits in the system so as to measure the total ion beam. 
Both instruments measure the charge to mass ratio of the ions 
formed. The spectrograph is used for making mass measurements 
while the spectrometer is used for relative abundance measure-
ments. 
Aside from the determination of isotopic masses and 
isotopic constitution of elements (see preceding paragraph ) 
the mass spectrometer can be used for determination of 
relative abundances. Products of ionization and probability 
of ionization may also be studied. In the field of chemical 
analysis, the mass spectrometer may be used in tracer work 
with stable isotopes, and in analysis of a gas of changing 
composition. This method (mass spectrometric) has the advan-
tage that only a small amount is required for carrying out an 
analysis and the accuracy of the determination is not affected 
by the purity of the sample. Permanent separation of isotopes 
may also be made using the method of mass analysis. This 
means was used in the separation of u235 from u238 in the 
atomic energy program. 
The mass spectrometer has been developed beyond the 
experimental stage and several large engineering companies 
offer them in compact, easily operated units of high preci-
sion. They are playing an important role in the recent 
discoveries and scientific advances of biological, medical, 
and chemical laboratories throughout the world. 
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